The multicellular communities of microorganisms known as biofilms are of high significance in agricultural setting, yet it is largely unknown about the biofilm formed by nitrogen-fixing bacteria. Here we report the biofilm formation by Pseudomonas stutzeri A1501, a free-living rhizospheric bacterium, capable of fixing nitrogen under microaerobic and nitrogen-limiting conditions. P. stutzeri A1501 tended to form biofilm in minimal media, especially under nitrogen depletion condition. Under such growth condition, the biofilms formed at the air-liquid interface (termed as pellicles) and the colony biofilms on agar plates exhibited nitrogenase activity in air. The two kinds of biofilms both contained large ovoid shape 'cells' that were multiple living bacteria embedded in a sac of extracellular polymeric substances (EPSs). We proposed to name such large 'cells' as A1501 cyst. Our results suggest that the EPS, especially exopolysaccharides enabled the encased bacteria to fix nitrogen while grown under aerobic condition. The formation of A1501 cysts was reversible in response to the changes of carbon or nitrogen source status. A1501 cyst formation depended on nitrogen-limiting signaling and the presence of sufficient carbon sources, yet was independent of an active nitrogenase. The pellicles formed by Azospirillum brasilense, another free-living nitrogenfixing rhizobacterium, which also exhibited nitrogenase activity and contained the large EPSencapsuled A1501 cyst-like 'cells'. Our data imply that free-living nitrogen-fixing bacteria could convert the easy-used carbon sources to exopolysaccharides in order to enable nitrogen fixation in a natural aerobic environment.
Introduction
Biofilms are surface-associated bacterial communities that are predominant in natural environments. Biofilms enhance microbial survival, enabling organisms to adapt to changing conditions collectively instead of as single cells (Costerton et al., 1995) . Biofilms are highly structured with bacterial cells embedded in a matrix, which protects bacterial cells from environmental stress or antibacterial factors. The biofilm matrix is usually formed by extracellular polymeric substance (EPS). The composition of EPS for the matrix varies with the biofilms formed by different bacteria, whereas the main components are usually exopolysaccharides, extracellular DNA (eDNA) and proteins (Flemming and Wingender, 2010) . Many studies are focusing on the biofilm formation of pathogens, such as Pseudomonas aeruginosa, Candida albicans and Vibrio cholera, etc. (Drenkard and Ausubel, 2002; Hogan and Kolter, 2002; Hall-Stoodley and Stoodley, 2005) . In recent years, many reports have focused on the biofilms of beneficial bacteria, such as the plant growthpromoting bacteria Bacillus subtilis (Rosche et al., 2009) , which has become a model organism for studying the mechanisms of biofilm formation in soil bacteria (Vlamakis et al., 2013; DeLoughery et al., 2015) . However, it remains largely unknown about the biofilm formation by free-living nitrogen-fixing bacteria, an important contributor of natural bioavailable nitrogen on the earth.
Nitrogen-fixing bacteria have been classified into three major groups based upon their relations with plant, including free-living, symbiotic, and root associated (rhizospheric) bacteria (Dixon and Kahn, 2004) . The rhizospheric nitrogen-fixing bacteria have drawn considerable attentions because of their wide ecological distribution, good adaptability and their potential to benefit agriculture, especially by increasing productivity of three economical crops, such as corn, wheat and rice (Okon et al., 1977; Revers et al., 2000) . Pseudomonas stutzeri, which belongs to the Gamma subclass of Proteobacteria, is widely distributed in diverse ecological niches (Lalucat et al., 2006) . The P. stutzeri A1501 strain (formerly identified as Alcalignes faecalis) was one of a few Pseudomonads that can fix nitrogen under microaerobic condition and colonize the rice rhizosphere (You et al., 1991; Vermeiren et al., 1999; Yan et al., 2013) . Genome sequencing identified a 49-kb DNA region containing nitrogen fixation related genes on P. stutzeri A1501 chromosome, which was considered as a genomic island acquired from lateral gene transfer (Yan et al., 2008) . Many nitrogen-fixing bacteria, such as genera of Rhizobium, Gluconacetobacter and Azospirillum, were found to be able to form biofilms (Rinaudi and Giordano, 2010; Herath et al., 2015) . Exopolysaccharides were found to be important for nitrogenfixing bacteria to colonize the plant root and to form biofilms (Hebbar et al., 1992; Burdman et al., 2000; Meneses et al., 2011) . In particular, Azospirillum brasilense is well studied free-living nitrogen-fixing bacterium that can associate with many plants and fix nitrogen under microaerobic condition (Okon et al., 1976; Burdman et al., 2000; Baldani et al., 2014) .
In nitrogen-fixing bacteria, the reduction of molecular nitrogen into ammonia is catalyzed by an enzymatic complex termed as nitrogenase, which is irreversibly inactivated by oxygen (Hartmann et al., 1986; Burris and Roberts, 1993) . Many oxygen protection mechanisms have been found in the nitrogen-fixing bacteria including enhanced respiration (respiratory protection) as well as the production of extracellular polymers as a barrier to O 2 diffusion, and increasing cell size (Inomura et al., 2017) . Nitrogen fixation is a high energy-demanding process, the nitrogen fixation (nif) genes are essentially expressed under nitrogen limitation condition in most nitrogen fixers. The nitrogenase synthesis and activity in P. stutzeri A1501 is controlled both by oxygen and ammonia. The nitrogenase activity of A1501 is reversibly inhibited by ammonia at concentrations over 1 mM. Oxygen at 44% repressed the nitrogenase synthesis in A1501 and the enzyme is irreversibly inactivated in air (Desnoues et al., 2003) . There have been a large number of studies attempting to improve the nitrogenase activity, including modifying the structures of nitrogenase to increase its tolerance to oxygen, altering the regulatory pathways or reconstructing nitrogen fixation systems, etc. (Wang et al., 2010; Wiig et al., 2012; Yang et al., 2014) .
It is now widely accepted that microorganisms tend to live in biofilms in natural environment rather than as single planktonic cells (Flemming and Wingender, 2010) . In this work, we have studied the biofilm formation by the rhizospheric bacteria known to fix nitrogen at the free-living state. We have explored the physiological conditions generating biofilm and how biofilm formation benefited the nitrogen-fixing bacteria. Strikingly, we have found that bacterial communities have a long life while grown under the nitrogen-limiting condition. Most importantly, our data imply how free-living nitrogenfixing bacteria enable nitrogen fixation to occur in a natural aerobic environment, especially in air.
Materials and methods
Bacterial strain and media P. stutzeri A1501 strain was typically grown in LD medium (Luria-Bertani medium with 2.5 g l − 1 of NaCl instead of 10 g l − 1 ) aerobically at 30°C. For biofilm formation assay and pellicle grown experiments, P. stutzeri A1501 was grown in minimal medium A15 (KH 2 PO 4 0.5 mM, K 2 HPO 4 2.1 mM, NaCl 1.7 mM, MgSO 4 1.6 mM, MnSO 4 0.07 mM, Fe 2 (SO 4 ) 3 0.02 mM, Na 2 MoO 4 0.04 mM, Lactate 50 mM, (NH 4 ) 2 SO 4 3 mM, pH 6.8) or lactate-containing K medium (KL medium was used in this work to indicate lactate as the carbon source), as previously described (Galimand et al., 1989) , with 20 mM of ammonia chloride as sole nitrogen source (KLN+) or without nitrogen source (KLN − ). A. brasilense Sp7 was grown in LD-rich medium for culturing and in KL minimal media (including KLN − and KLN+) for biofilm formation. All the following methods used on A. brasilense Sp7 in this study are the same as those on P. stutzeri A1501.
Biofilm assay and pellicle growth
Crystal violet (CV) assay of biofilm formation was referred to the previous method with modifications (Ma et al., 2006) . Overnight culture of A1501 was washed with KLN − medium once and adjusted OD 600 to 2.5 with KLN − . Ten microliter of washed culture was inoculated into 150 μl of corresponding media in 96-well PVC plates (Corning Co., New York, NY, USA). Then the plates were incubated under standing conditions in air at 30°C for requested time (from 4 h to several days). The growth of planktonic bacteria in microtiter wells used for biofilm assay was determined by measuring the OD at A600 nm. For biofilm biomass quantification, the wells were washed with ddH 2 O for three times. One hundred sixty microliter of 0.1% CV was added into each well and incubated for 10 min. The wells were washed with ddH 2 O for multiple times until no purple color remained in water. The CV bound to biofilms was solubilized with 30% acetic acid and measured for absorbance at 540 nm using a spectrophotometer (Thermo Scientific, Waltham, MA, USA). For pellicles growth, 100 μl of A1501 overnight culture was inoculated into 1.5 ml of corresponding medium in 24-well plates (NEST Co., Wuxi, China) and incubated at 30°C for desired time.
Confocal laser scanning microscopy (CLSM) and image acquisition The air-liquid interface biofilms (pellicles) were grown in glass chambers (Chambered #1.5 German Coverglass System, Nunc, New York, NY, USA) with glass coverslip at the bottom. For CLSM observation, buffer was gently removed from glass chambers to allow the pellicles to drop onto coverslips. The biofilms were either stained by membrane stain FM4-64 (1 μM final concentration, Molecular Probes, Invitrogen, Carlsbad, CA, USA) or live-dead staining kit with SYTO9 and propidium iodide (PI) following the instruction of the manufacturer (Molecular Probes, Invitrogen). Fluorescent images were acquired by a FV1000 CLSM (Olympus, Tokyo, Japan). A Fluoview image browser (Olympus) generated the optical XYZ-sections. CLSM-captured images were subjected to quantitative image analysis using COMSTAT software as previously described (Heydorn et al., 2000) .
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) Samples for SEM and TEM were fixed with 2.5% glutaraldehyde in phosphate buffer for 1 h at room temperature or overnight at 4°C. After a series of wash with ddH 2 O and gradient dehydration with different concentrations of ethanol (50%, 70%, 85%, 95%, 100%), the samples were processed for SEM or TEM examination. For SEM examination, the dehydrated samples were dried in a critical point drier (BAL-TEC CPD030, Bal-Tec, Los Angeles, CA, USA) with liquid carbon dioxide as a transitional fluid and then coated with gold in a sputter coater (BAL-TEC SCD005). The samples were examined with a FEI scanning electron microscope (ESEM FEI QUANTA 200-FEI, Hillsboro, OR, USA). For TEM examination, dehydrated samples were stained with osmic acid for 1 h and then embedded with 50% resin in ethanol at room temperature for 2 h, following with 100% resin embedding at 65°C overnight. Ultrathin serial sections (70 nm thickness) were cut from resin blocks, followed by uranyl acetate staining, and observed with JEOL JEM-1400 transmission electron microscope (JEOL, Peabody, MA, USA).
EPS extraction and analysis EPS extracted from P. stutzeri A1501 pellicles was performed as previously described with following modifications (Matthew et al., 2009) . Three pieces of pellicles of each sample were collected into 1.5 ml centrifuge tube and washed twice with 0.8% saline. Samples were then resuspended in 100 μl of 0.5 M EDTA, boiled for 10 min at 100°C. The supernatant from each tube was then sent for analysis of the total amount of protein and exopolysaccharides. The amount of extracted protein was determined using BCA protein assay kit (Pierce, Rockford, IL, USA) following the protocol provided by the manufacturer. Exopolysaccharides was quantitatively determined using phenol-sulfuric method (Dubois et al., 1951) . The eDNA preparation from biofilms was performed as described (Rice et al., 2007) with modifications. EDTA extract from biofilms was extracted once with an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1). The DNA in aqueous phase was precipitated by 3 vol of ice-cold 100% (vol/vol) ethanol and dissolved in water.
Nitrogenase activity assay
To prepare the culture for inoculation, P. stutzeri A1501 was grown in LD medium overnight and then washed with KLN − medium once and resuspended in KLN − medium. To examine the nitrogenase activity of pellicles or films grown in semisolid media (containing 0.15% agar), 100 μl of A1501 suspension culture was inoculated into 1.5 ml of KLN − liquid media or semisolid KLN − medium. To test the nitrogenase activity of colony biofilm on the KLN − agar (1% agar), 1.5 ml media was placed on the bottom of serum vial. Then 10 μl of 10-fold concentrated A1501 suspension culture was spotted onto the KLN − agar. After 5 days of growth in 30°C incubator, the nitrogenase activity was assayed in situ using the acetylene reduction method as described previously (Galimand et al., 1989) . Ten percentage (vol/vol) of acetylene was injected into serum vial through rubber stopper. The ethylene production was determined at regular intervals by gas chromatography after 4 h of reaction at 30°C. Nitrogenase activity assay on A. brasilense Sp7 was taken using the same method as mentioned above on P. stutzeri A1501. Nitrogenase activity is expressed as nmol ethylene per hour per OD 600 of inoculum. For the assay of nitrogenase inhibition, 20 mM ammonia chloride or glutamate were supplied into the pellicles after 5-day growth. The control samples were added with the same volume of ddH 2 O.
Results
P. stutzeri A1501 tends to form biofilm under nitrogenlimiting conditions P. stutzeri A1501 biofilm formation was quantitated by microtiter dish biofilm assay using different culture media including LD-rich medium, minimal medium A15 or KL medium. A1501 can form biofilms when grown in minimal media, but not in LD-rich medium (Figures 1a and b) . A1501 planktonic cells grew well in LD medium (Figure 1c ), thus the absence of biofilm formation in LD medium was not due to bacterial cell growth. We then compared the extent of biofilm formation in KL medium in the absence of nitrogen source (KLN − ) or with ammonia as the sole nitrogen source (KLN+). A1501 in KLN − media formed biofilms with highest biomass among the three media (KLN − , KLN+ and LD) during 6 days of growth ( Figure 1b) . After 2 days of growth, the biofilm biomass of A1501 in KLN − was four times higher than that in KLN+ medium ( Figure 1b) . We monitored the biofilm biomass and the corresponding OD 600 of planktonic culture grown in the same wells over 6 days. A1501 showed the highest biofilm biomass, but the lowest value at OD 600 in KLN − medium (Figures 1b and c) , suggesting that A1501 tended to form biofilm rather than maintaining planktonic state under the condition lacking nitrogen sources (N − condition). On the contrary, A1501 grown in LD-rich medium stayed mainly in the planktonic state rather than forming biofilms (Figures 1b and c) . These results indicated that nitrogen-fixing bacterium A1501 favored biofilm formation under nitrogen depletion condition.
The pellicles of P. stutzeri A1501 formed at N − condition consist of enlarged 'cells' that were multiple bacteria embedded in a sac of EPS The biofilms formed at the air-liquid interface of standing cultures of soil bacteria are often named as pellicles (Branda et al., 2005 ,Vlamakis et al., 2013 . We then examined the pellicle formation of A1501. A1501 could form pellicles in both KLN+ and KLN − media ( Figure 2a ). Although grown in KLN+, A1501 could form pellicles, yet the pellicles disassembled and returned to a planktonic existence after 7 days of growth. In contrast, the pellicles formed in KLN − were very stable and could remain as a whole piece of film for 4 weeks. We applied SEM to further analyze the pellicles of A1501. Bacterial morphology appeared dramatically different between pellicles formed at the N+ and N − conditions. Bacteria in pellicles formed in KLN+ medium had regular morphology and similar size as that of planktonic bacteria in a shaking culture in the same medium ( Figure 2a , images V-VIII, Table 1 ). In contrast, most bacterial 'cells' in pellicles formed in KLN − medium (N-pellicles) were approximately 2 times longer and 3-4 times wider than A1501 planktonic bacteria ( Figure 2a , images I-IV and VII-VIII, Table 1 ). In addition, the air faces of N − pellicles appeared flat and smooth under SEM and contained mostly large 'cells' (Figure 2a , images II-III, Table 1 ). The liquid faces of N − pellicles appeared rough with a mixture of large 'cells' and small cells (Figure 2a , images II and IV). The large 'cells' were similar to that found in the air face and the small cells had the similar size in diameter as planktonic bacteria of A1501, yet shorter in length (Figure 2a , images IV and VIII, Table 1 ), indicating that these small cells are A1501 cells. Some large 'cells' on the liquid face of pellicles appeared containing a few small cells, which seemed to be twisted together to form a large 'cell' (Figure 2a , indicated by the small black arrows in image IV). To get more detailed information on N − pellicles, we applied TEM and CLSM. TEM results showed that the large 'cells' in N − pellicles contained multiple small bacterial cells (two to eight bacteria), which were encased in a sac-like of EPS with light color under TEM (Figure 2b , images I-IV, the edge of EPS sac was indicated by the white arrows). The large EPS-encased 'cells' on the air face of pellicles were packed tightly together and most of which consisted of several bacteria (Figure 2b , images I-II). However, on the liquid face, the large 'cells' contained mostly a single bacterium (Figure 2b , images I-II). The data analyzed by CLSM further confirmed the results of TEM. To observe pellicles under CLSM, bacterial cell membrane was stained with red fluorescent FM4-64, whereas chromosome DNA was stained in green by SYTO9. The EPS sac containing bacterial cells can be morphologically distinguished by DIC (differential interference contrast microscopy) (Figure 2c image II, the white arrows indicated the edge of EPS sac). The merged images (merged from DIC, green and red fluorescence) showed that about 2-8 small cells could be enclosed in one EPS sac (Figure 2c , image I). Some EPS sacs appeared fused together (Figure 2b image III, indicated by white arrows). Interestingly, the large EPS-encased 'cells' can get stained by CV and can also be distinguished from planktonic bacteria by its large size under an optical microscope (Supplementary Figure S1) . The large 'cell' of A1501 was reminiscent of the cyst in animal system (a sac-like structure filled with cells and liquid or semisolid substance), thus we propose to term it as A1501 cyst.
The EPS sac enables the encased bacteria to fix nitrogen under aerobic growth condition Under the condition of nitrogen depletion, bacteria have to fix nitrogen to gain nitrogen source for growth. However, A1501 only fixes nitrogen under microaerobic conditions because its nitrogenase is rapidly inactivated after a short-term exposure to oxygen (Desnoues et al., 2003) . Thus, A1501 planktonic cells grown in shaking cultures under aerobic conditions did not exhibit nitrogenase activity in (Table 1) . However, N − pellicles grown on the air-medium interface showed remarkable nitrogenase activity (41% of the nitrogenase activity of bacteria grown in the semisolid agar) (Table 1) , suggesting their ability of fixing nitrogen under aerobic conditions. The A1501 cysts (the EPSencased bacterial aggregate) were only found in N − pellicles and the fact that N − pellicles expressed nitrogenase activity under aerobic conditions suggested that the EPS sac may provide a suitable microaerobic environment compatible with nitrogenase synthesis and activity similar to the situation encountered in semisolid agar. The semisolid agar is known to provide the suitable microaerobic environment for nitrogenfixing rhizobacteria. When A1501 grew in semisolid KLN − media, it formed a thin layer of bacterial film under the surface of medium where had reduced oxygen concentration compatible with nitrogenase functioning (Figure 2a , image IX, the film was indicated by a white arrow). Thus, we examined the film formed by A1501 in the semisolid KLN − medium by SEM. Interestingly, bacteria in the film appeared also slightly wider and longer than planktonic bacteria in a shaking culture although not as large as that in N − pellicles (Figure 2a , image X, Table 1 ). TEM examination indicated that these bacteria were encased in a 0.1 μm thick layer of EPS (Figure 2a , as indicated in the inset in the corresponding SEM image X). This result showed that A1501 grown at a reduced oxygen condition was also protected by a layer of EPS.
The occurrence of A1501 cysts and the nitrogenase activity detected with the pellicles led us to examine what happened with colony biofilms formed on agar plates. We spotted 5 μl of A1501 culture on a KLN − agar plate and examined the colonies daily for a total of 10 days. A notable increase in the colonies diameter was observed between days 3 and 10 ( Figure 3a) . SEM examination of a 3-day-old colony showed that there were A1501 cyst-like large 'cells' arranged as clusters in the central area of colonies that could be stained with Congo red (Figures 3b and c , the short black arrows indicated a cluster of cysts and the white arrows indicated the bacterial cell), yet few cysts were found in the outer ring of colonies, and almost none on the edges. Most bacteria in the outer ring and edges of colonies had similar size and morphology as planktonic bacteria in a shaking culture (Figure 3b ). Most strikingly, the colonies on KLN − agar plate displayed a significant nitrogenase activity (approximately 19% of activity of cultures grown in semisolid agar) ( Table 1) .
The nitrogenase activity was detected in the pellicles and colonies containing A1501 cysts, suggesting the small bacterial cells inside EPS sac should be alive. To confirm this, we applied live/ dead staining to N − pellicles. Green fluorescent dye SYTO9 was utilized to stain bacterial chromosome DNA in living cells, whereas red fluorescent dye, PI was used to indicate dead or dying cells because it only stains eDNA and chromosome DNA of bacteria with compromised membranes. Live/dead staining result showed that 99.8% bacteria in KLN − pellicles were stained in green fluorescence, indicating they were alive (Figure 4a ).
Taken together, our results showed that A1501 could fix nitrogen under three aerobic growth conditions, within pellicles on air-liquid interface of standing culture, in the film of semisolid media and in the colonies of a regular agar plate while the bacteria were encased by EPS. These results suggested that the EPS sac covering bacteria was critical for nitrogen fixation occurring under aerobic conditions.
Factors affecting the biofilm formation and differentiation of A1501 cysts
We first examined the effects of nitrogen sources and carbon sources on the formation of a biofilm and A1501 cyst. Glutamate is known as a poor nitrogen Biofilm formed by nitrogen-fixing bacteria D Wang et al source comparable to a nitrogen-limiting signal although it supports bacterial growth (Huergo and Dixon, 2015) . Thus, we tested the effects of glutamate on the A1501 biofilms by replacing ammonia by 20 mM of glutamate in the KL media (KLG+). A1501 formed pellicles in KLG+ that had the highest thickness and biomass (4-fold more than N − pellicles and 1.15-fold of N+ pellicles) and the least dead bacteria compared with pellicles in KLN − and KLN+ (Figure 4a ). The morphology of bacteria in KLG+ pellicles was also similar to KLN − pellicles (Figure 4a and Supplementary Figure S2A) . The air faces of KLG+ pellicles appeared smooth and contained mainly the A1501 cysts, whereas the liquid face of KLG+ pellicles appeared rough and contained mainly free bacteria and a large amount of EPS (Supplementary Figure S2A , EPS was indicated by a black arrow). The A1501 cysts were also found in the colonies grown on KLG+ agar plate as that on KLN − (Supplementary Figure S2B) . Besides glutamate, histidine also promoted biofilm formation and the differentiation of the A1501 cysts, but glutamine or NaNO 3 cannot (Supplementary Figures S2C and  D, and data not shown) . Increasing the concentration of lactate in KLG+ promoted biofilm formation, yet changes of glutamate concentration in KLG+ did not affect the biofilm formation of A1501 (Figure 4b ). Glutamate at 2 mM could promote a biofilm with (Figure 4b) . However, the pellicles on KLN − neither showed nitrogenase activity, nor contained the A1501 cysts when the lactate concentration was lower than 40% of the original level (45 mM as 100%) (Figure 4c) . A similar phenomenon was also observed when lactate was replaced by glucose (data not shown). These results suggested that sufficient carbon sources and limiting nitrogen sources were critical for the formation of A1501 biofilm and cyst. The glutamate as a nitrogen source was reported not to repress the nitrogenase activity in some nitrogenfixing bacteria (Wang et al., 2010) . However, we found that the glutamate supplement was able to inhibit the nitrogenase activity of A1501 similarly as ammonia (Figure 4d ). In consistence, the pellicles formed on KLG+ did not exhibit nitrogenase activity (data not shown). As shown above, the glutamate as a nitrogen source did promote the formation of biofilms and A1501 cysts. Thus, these results suggest that an active nitrogenase is not required for the formation of biofilms and A1501 cysts.
Finally, we tested whether the oxygen concentration can induce the A1501 cyst formation. We examined the A1501 KLN − pellicles grown at different level of oxygen concentration, 0.5%, 1% and 5%. The A1501 cysts were found in the pellicles when the oxygen level reached 1% or higher, whereas none were found at 0.5% oxygen despite the fact that the nitrogenase activity of pellicles were similar under these three conditions (Supplementary Figure S1B) . These results suggested that the oxygen stress may also be an essential factor to induce the A1501 cyst formation.
Exopolysaccharides were the main component of EPS that encased bacteria in A1501 cysts
To identify composition of EPS involved in pellicle formation, we respectively isolated EPS from the pellicles of A1501 grown on KLN − , KLN+ and KLG+ media and compared the amount of total polysaccharides, proteins and eDNA among the EPS samples. The EPS of KLN − pellicles contained 72% of exopolysaccharides and 23% of proteins. In contrast, the EPS of KLN+ pellicle contained only 44% of exopolysaccharides and 43% of proteins (Figure 4e ). There were more eDNA in KLN+ pellicles compared with KLN − pellicles, which is consistent with the live-dead staining results from CLSM (Figure 4a ). The ratio of dead bacteria was about 120-fold higher in KLN+ pellicles than that in KLN − pellicles (Figure 4a ), although the total biomass of the KLN+ pellicle was fourfold higher than that of the KLN − pellicle (Figure 4a ). Similar to KLN − pellicles, EPS from KLG+ pellicles contained 74% of exopolysaccharides and similar proportions of extracellular proteins, and eDNA (Figure 4e ). The formation of A1501 cyst was promoted by either KLN − or KLG+ medium as shown above (Figures 2-4 and supplementary Figure S2 ) and the pellicles grown on these two media both contain over 70% of exopolysaccharides, suggesting that exopolysaccharides were the main component of EPS that encased bacteria in the A1501 cyst.
A1501 pellicles grown on KLN − and KLG+ maintained to be a whole piece and had mostly living bacteria (Figure 4a ), suggesting that exopolysaccharides may promote the adherence on solid surfaces and the connection between bacteria in addition to block oxygen in air. In addition, the growth conditions that enabled the A1501 cyst formation also enhanced biofilm formation by A1501 in the microtiter dish assay (Figures 1-4,  Supplementary Figure S2) . Taken together, our data indicated that exopolysaccharide was the main component of the EPS in N − pellicles, which may have major role in connecting bacteria together and providing suitable oxygen conditions for the nitrogen-fixing bacteria.
The formation of A1501 cyst is reversible in response to the changes in the carbon or nitrogen source status As shown above, nitrogen starvation and a sufficient amount of carbon source induced the formation of A1501 cyst. To investigate whether the supplied nitrogen source or carbon starvation can change or disassemble the A1501 cysts, the pellicles of A1501 were stained with CV and observed under optical microscope. When adding 20 mM of ammonia Biofilm formed by nitrogen-fixing bacteria D Wang et al chloride to a pellicle formed on KLN − media, free bacterial cells were released from the A1501 cysts and the pellicle was disassembled to planktonic bacteria in 2 days (Figure 5a ), indicating that the ammonia supplement would cause the release of bacteria from the A1501 cysts. On the other hand, the A1501 cysts could form while a KLN+ pellicle was washed off the ammonia nutrient and grown in KLN − medium for 7 days, suggesting that the A1501 cyst formation was reversible (Figure 5b) . The carbon starvation also caused the disassembling of N − pellicles and the bacteria released from EPS sac, suggesting the exopolysaccharide in pellicles could serve as a carbon source for bacteria (Figure 5c ). These results indicated that the formation of A1501 cysts was a dynamic process in response to the nutrient status. These data also suggested another important role of exopolysaccharide in A1501 cyst as a way of storing excess carbon when bacteria were growing under a condition with sufficient carbon sources, implying that forming the A1501 cysts may also contribute to carbon sequestration by converting the easy-used carbon sources to the slow-degraded exopolysaccharides, which may open a new avenue for biological nitrogen-fertilizer development on slowing the global warming.
The large 'cells'( EPS-encased bacterial aggregate) were also found in pellicles formed by A. brasilense, a typical nitrogen-fixing rhizobacterium In order to know whether other rhizosphere nitrogen-fixing bacteria, such as A. brasilense can form biofilm and the A1501 cyst-like structure in nitrogen-limiting media, we grew A. brasilense Sp7 in standing KLN − or KLN+ medium. Sp7 could form pellicles on these media. Similar to A1501, Sp7 pellicles grown on the KLN − media had mostly the large-size 'cell' on its air face ( Figure 6 , upper left panel, Table 1 ). TEM examination confirmed that the large-size 'cells' were a sac of EPS-encased bacterial cells, the number of bacteria in the EPS Sac varied from 1 to 12 (Figure 6 , upper middle and right panels, a large 'cell' was indicated by a white arrow). The large-size 'cells' of Sp7 found in N − pellicles were morphologically similar to the cyst previously described in Azospirillum species (Sadasivan and Neyra, 1985; Sadasivan and Neyra, 1987; Bleakley et al., 1988) . Sp7 pellicles grown on KLN+ media had regular size bacteria similar to that in a shaking culture (Figure 6 , lower panel, Table 1 ). Most importantly, N − pellicles of Sp7 formed on airmedia interface also displayed nitrogenase activity (Table 1) , an observation not previously reported. In summary, our data suggest that bacterial capsulation or forming A1501 cyst may be a common strategy in these two nitrogen-fixing bacteria to enable nitrogen fixation under the air.
Discussion
Biofilm formation is established as a general strategy that bacteria have developed to colonize specific niches, including the plant rhizosphere (Ramey et al., 2004) . In this work, we investigated the physiological conditions for the formation of biofilms by the free-living nitrogen-fixing rhizobacteria, P. stutzeri A1501 and A. brasilense. Analysis of physiological conditions enabling P. stutzeri A1501 to form and disassemble biofilms revealed that the most stable and long surviving biofilms were formed when sufficient carbon sources were available and the nitrogen source was limiting (N − ) or poorly assimilated (such as glutamate or histidine), showing that environment stresses often induce bacteria biofilm formation as reported previously in other bacteria (Berleman and Bauer, 2004; Huerta et al., 2016) . Most interestingly, we found that multiple bacterial cells were embedded in a sac of EPS, which appeared like a large ovoid 'cell' under SEM and optical microscope. Such ovoid large 'cells' of A1501 were reminiscent of what was designed as cysts in animal systems (Zadik et al., 2011) , thus we propose to term it as A1501 cyst. A1501 forms cysts on pellicles at the air-liquid interface and colony biofilms on agar plate under the aerobic condition with sufficient carbon source and limiting nitrogen source. The pellicles and colony biofilms both show nitrogenase activity, suggesting that the formation of cysts likely enables bacterial nitrogen fixation to occur while grown under the aerobic condition. A large amount of exopolysaccharides was found in the EPS of A1501 cysts, which may function as a barrier to block excess oxygen in air and provide a suitable Biofilm formed by nitrogen-fixing bacteria D Wang et al microaerobic condition for bacteria inside the EPS to fix nitrogen. The pellicles formed by A. brasilense Sp7 also contain cyst-like EPS-encased bacterial aggregate and exhibit remarkable nitrogenase activity. These imply that the aerobic nitrogen-fixing bacteria can fix nitrogen at the free-living state in the natural aerobic environment under certain physiological conditions (for example, within a biofilm). Capsulation and aggregation observed during flocculation were thought to be a mechanism aiding bacteria against unfavorable oxygen conditions (Berg et al., 1980; Bible et al., 2015) . Nitrogen fixation is generally considered an energy costing process. However, a recent report of Inomura et al. (2017) on nitrogen-fixing bacteria Azotobacter vinelandii has revealed that the direct energetic cost of nitrogen fixation is small relative to the cost of managing intracellular oxygen. By quantifying the costs and benefits of several potential oxygen protection mechanisms present in nature, they have shown that the production of EPS as a barrier to O 2 diffusion leads to higher growth efficiencies than respiratory protection. This is consistent with our finding that exopolysaccharide was the main component of EPS sac that encased bacteria in the A1501 cysts. Our data are also in favor that N-limiting signals very likely induce the production of exopolysaccharide. This exopolysaccharide may also enhance bacterial adherence to surfaces and connection between bacteria because A1501 formed the best biofilms on microtiter dishes at N-limiting growth conditions and the cysts were tightly connected together in N − pellicles. Cellulolytic bacteria were also reported to produce large amounts of exopolysaccharide in response to N limitation (Young et al., 2012) . Therefore, the production of exopolysaccharide could be a general response of bacteria to N-limiting growth condition.
It is critical for a bacterium to maintain the sustainable growth of its community in the natural environment. The colony biofilms in some degree could mimic the biofilms of soil bacteria formed on the surface of soil or plant roots. We have shown that the colony biofilms of A1501 grown on the KLN − plates can fix nitrogen in air. In such colonies, the A1501 cysts were found in the central region of colonies and bacteria on the edge of colonies appeared to be similar to bacteria in planktonic culture. The cysts in the center of colonies through their nitrogen-fixing activity may provide a nitrogen source for bacteria on the edge of the colonies to grow as we proposed that only cells within cysts were able to fix nitrogen under the air. In A1501 N − pellicles, the air surface was built with big cysts, which were tightly attached to each other, like a shield and may have a major role in blocking oxygen from air. This allows the fast growth of bacteria in liquid face, which is indicated by the free bacteria released from the EPS sac and frequently observed dividing bacteria inside the EPS sac (Supplementary Figure S3) . The multiple bacteria embedded in a sac of EPS may be a way for bacteria to efficiently use nutrients and space to get maximum growth, meanwhile, the growth of several bacteria can use some oxygen that may help to make a suitable environment for nitrogenase. Taken together, our data imply that bacteria could share nutrients and help each other to ensure the best growth of their communities in the natural aerobic environment.
Bacterial cyst was described long ago in Azotobacter, a genus phylogenetically close to Pseudomonas spp. (Rediers et al., 2004) . The cysts were generally termed as the dormant prokaryotic forms that are usually embedded by EPS, absence of division, with long-term maintenance of viability and heat resistance, and devoid of metabolic activity (Sadoff, 1975) . A bacterial cyst usually contains only a bacterial cell. By extension, ovoid shaped cells reported for the other free-living nitrogen-fixing species such Azopsirillum spp. (Sadasivan and Neyra, 1987; Bleakley et al., 1988) and Rhodopsirillum centenum (Berleman and Bauer, 2004) were also considered as cysts like. The N limitation usually induces the cyst formation in A. brasilense. Exopolysaccharide is also the main component of EPS encapsulated the cyst of A. brasilense (Pope and Wyss, 1970; Berg et al., 1980; Sadasivan and Neyra, 1985) . The A1501 cysts described in this study also have slower growth rate than the bacteria grown under the conditions with ammonia. However, the cell division was found in the A1501 cysts and 1 to several bacteria could be encased in a cyst. The most important character of the A1501 cysts is their nitrogen-fixing ability. We have shown that A. brasilense Sp7 can form the A1501 cyst-like structure that is capable of fixing nitrogen in air, looks like a large ovoid 'cell' under SEM, yet are EPSencased bacterial aggregate. Such ovoid shape 'cells' of A. brasilense is also morphologically similar to the previously described Azospirillum cysts. In addition, several reports have shown that cyst forms of Azospirillum species are not dormant. Berg et al. (1980) reported that encapsulated forms of A. brasilense in sugarcane callus, were not dormant. Colonization of root surfaces by Azospirillum is accompanied by morphological change with the formation of non-motile ovoid cells metabolically active (Assmus et al., 1995; Pereg-Gerk et al., 1998) , similar to those observed during the cell aggregation and flocculation process leading to cyst formation (Sadasivan and Neyra, 1985) . Thus, in Azospirillum, the differentiation of ovoid sessile cells surrounded by capsular material enabling anchoring to and colonization of the root surface could be compatible with nitrogenase activity, in particular under nitrogen-limiting condition. Although further investigates are certainly required to clarify whether A1501-like structure can be form in other freeliving nitrogen-fixing bacteria, such as Azotobacter vinelandii. We would like to propose to revise the definition of a cyst formed by nitrogen-fixing bacteria as EPS-encased a bacterial cell or bacterial aggregate that often appear like enlarged ovoid cell shape, a form that provides protection for bacteria from oxygen, desiccation, and enables bacteria to fix nitrogen under the aerobic natural environment.
In summary, we have shown in this study that the formation of A1501 cysts was a dynamic process in response to the nutrient status, especially the concentration of carbon and nitrogen sources. Our data imply that forming cyst-like cells can be a general strategy for soil bacteria to survive under N-limiting and aerobic conditions, and may be also a common way for free-living nitrogen fixing bacteria to protect their nitrogenase from oxygen in air. Furthermore, forming the EPS-encased cysts may not only ensure the nitrogen fixation to occur in natural environment, but also contribute to carbon sequestration by converting the easy-used carbon sources to exopolysaccharides, which usually were not easily degraded. Our data also open new prospects for biological nitrogen-fertilizer development.
